Using the Matrix-Assisted Pulsed Laser Evaporation (MAPLE) process developed at the Naval Research Laboratory, carbon nanotubes and carbon nanotube composite thin films have been successfully fabricated. This process involves dissolving or suspending the film material in a volatile solvent, freezing the mixture to create a solid target, and using a low fluence pulsed laser to evaporate the target for deposition inside a vacuum system. The collective action of the evaporating solvent desorbs the polymer/nanotube composite from the target. The volatile solvent is then pumped away leaving the film material on the substrate. By using this technique singlewall-nanotubes (SWN) have been transferred from the target to the substrate. The SWN sustain no observable damage during the deposition process. Using SWN in combination with polymers as the target material, SWN/polystyrene and SWN/polyethylene glycol composite films were made. These films can be deposited on a variety of substrates, e.g., Si, glass, plastic, and metal, using the same target and deposition conditions. SEM micrographs show that the SWN were uniformly distributed in the film. Using a simple contact mask, SWN composite films 20 um diameter patterns can be produced.
I. Introduction
Nanotubes were first identified by Sumjo Iijima. 1 Since their discovery, new fabrication and purification techniques have enhanced the production of single-wall-nanotubes (SWN). [2] [3] [4] SWN with lengths up to a few hundred :m can be produced. SWN are interesting materials in many ways. They can be either metallic or semiconducting, depending on its chiral structure and diameter. 5, 6 SWN not only have exceptionally high modulus, > 1x10 12 Pa, 7, 8 but are also flexible and strong. 9 These remarkable properties make SWN a subject of intense materials research. The present work illustrates how SWN/polymer composite thin film can be fabricated using Matrix-Assisted Pulsed-Laser Evaporation (MAPLE). [10] [11] [12] We will demonstrate that MAPLE is suitable for fabricating a variety of SWN/polymer composites. This is technologically important because SWN/polymer composite is one way to fabricate materials with custom properties for specific applications. For example, the mechanical toughness for a polymer can be improved by forming a polymer composite with SWN. Because of the stability and inertness of SWN, SWN/polymer is potentially useful as biomaterials in applications such as requiring special structure or in novel drug delivery. Furthermore, forming a composite with SWN can alter the dielectric constant of a polymer; thus improving the polymer's electrical characteristics for applications such as interconnects. In short, the ability to make polymeric composites with SWN permits the alteration of materials properties, i.e., mechanical and electrical. This ability broadens the possible applications for a material as well as the choice of materials for a particular application. The integrity and inertness of SWN make them ideal for most applications, from integrated circuits to bio-applications.
II. Experimental II. a. Matrix-Assisted Pulsed-Laser Evaporation (MAPLE).
MAPLE is conducted in a conventional vacuum chamber equipped with a window of high transmitance for the wavelength of the pulsed laser to be used. The target is a frozen matrix consisting of a volatile solvent, e.g., water, methanol, chloroform, etc., and a low concentration of the film materials, in this case SNW and a polymer which is dissolved in the solvent. The criteria for choosing the volatile solvent are high absorption of the laser light; high solubility for the polymer of choice; and is volatile at room temperature which allows it to be pumped away quickly. The substrate is placed directly in front of the target. Deposition proceeds by illuminating the target with laser pulses. The laser pulse initiates a photo-thermal process, vaporizing the frozen solvent, and releasing the solute and SWN into the chamber. The momentum, resulting from the vaporization process, carries the solvent, solute, and SWN to the substrate. Because the solvent has a high vapor pressure at room temperature, it will rapidly be removed by the pumping system. The polymer and SWN will then form a continuous and dry film. The key to the MAPLE process is that the laser interaction occurs primarily with the solvent molecules, the polymer and SWN should be undamaged and remain intact.
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II b. Deposition Conditions
In the current work, films were deposited using 8 = 248 or 193 nm. The fluence at the target is 0.15 -0.25 J/cm 2 , with a pulse repetition rate from 1 to 10 Hz. Substrate temperature is 300 K and a LN2 assembly cools the rotating target. The base pressure of the vacuum system is 10 -5 Torr and the system is backfilled to 50-200 mTorr of Ar during deposition. The substrate-totarget distance is 10 cm. Si wafers, glass slides, Cu sheets, and Kapton sheets were used as substrates. Patterning is done using a contact mask attached directly to the substrate.
The SWN were supplied by a special Office of Naval Research (ONR) program with Rice University. The as-received SWN are suspended in toluene with a trace amount of NaOH and some particulate of soot or graphite. In the current work, the toluene is first removed by evaporation or pumping and replaced by chloroform. To make the MAPLE target, 1.1 gm of polymer, either polystyrene (PS) or polyethylene glycol (PEG), is mixed with 25 gm of solution. Because the ratio of SWN to chloroform cannot be determined, the exact ratio of SWN/polymer in the target is not known.
III. Results and Discussion
A drop of the as-received SWN solution is allowed to dry on a piece of Si forming a SWN film. A scanning electron micrograph (SEM) from this sample is shown in Figure 1a . The SWN can be easily identified in this figure. The SWN are smooth and without a preferred orientation. Fine particulates, possibly NaOH, graphite, or carbon particles, can be observed on the SWN. Some of the SWN are twisted and bundled together forming larger diameter "ropes". Figure 1b shows an SWN film fabricated using MAPLE and with the as-received SWN with chloroform in the target. Again the SWN can be easily identified. The concentration of the SWN in this film is much lower than that shown in Figure 1a . Because the solvent for the MAPLE target is chloroform, which is volatile at room temperature, we believe the matrix in this film is NaOH with some graphite and/or carbon particles. A comparison of the SWN in Figure 1a and b shows that the thickness of the SWN is preserved through the MAPLE process. The SWN shown in Figure 1b do not show the same twisting and bundling as that in Figure 1a . This result indicates that, under the current deposition conditions, the MAPLE process mainly involves individual SWN. Individual SWN arrive at the surface and solidify before mixing occurs.
A scratch is made on the film in figure 1b, and SEM from this crack are shown in Figure  2 . These images show that the SWN are imbedded in the matrix materials and not just on the surface. The fragmented film is connected by SWN, see Figure 3b . This illustrates that the film is truly a composite material that should exhibit mechanical benefits associated with composites. The SWN connecting the two cracked pieces are on the order of 0.5 :m indicating that the SWN should be much longer than that, 1.0 :m. Longer SWN can be found on the upper right corner of Figure 2b . These SEM show that SWN can be transferred without breakage and more generally, that MAPLE can transfer very large molecular species, > 1 X 10 6 amu, intact. To the best of our knowledge, MAPLE is the only deposition process that combines all the advantages of a physical vapor deposition technique, is "gentle" to polymers, [10] [11] [12] and can make films with materials of the size and extent as the SWN. Figures 4a-4c show SEM from the surface of a SWN/PS film fabricated by MAPLE. Again, the SWN can be easily identified showing good target-to-sample transfer characteristics. The structure of the SWN/PS film shown in Figure 4 indicates that the growth mode of SWN/PS is different from the previously shown films, unlike the other films in which the SWN intermixed with the matrix. The SWN in this film are not imbedded in a PS matrix. Instead a threedimensional network of PS coated SWN is formed on top of a film composed mainly of PS.
The fact that SWN is capable of forming freestanding three-dimensional structures means that they are structurally reinforced by the PS when they arrive at the surface. Thus the PS either never evaporates completely from the SWN at the target or the SWN act as nucleation and growth sites for the PS during the transfer process. When the SWN arrive on the sample surface, they are coated with PS. The SWN get stuck on the sample surface or other SWN already present on the surface, largely preserving their orientation and shape they acquired. PS transferred subsequently further secures these structures. PS that is transferred subsequently and that does not encounter SWN will be deposited on the substrate forming the observed PS film underneath.
SWN, which are much thicker than a single strand SWN, can be identified, see Figure 4b and 4c. However it is not clear at this point that these are bundled SWN or single strand SWN with a thick coating of PS. Figures 4b and 4c show high-resolution images of these features. The "icicle" structure closely resembles an ice formation on branches during periods of high humidity. This is a clear indication of growth from the vapor phase. The observed large diameter of some of the SWN can thus be a result of PS growth rather than bundling of SWN. The difference in morphology between the SWN/PS and SWN/PEG can be chemical in nature, i.e., the functional groups on the polymer may have specific reactions with the SWN that cause the observed differences. The differences may also result from parameters such as molecular weight and molecular concentration. Note that our target concentration is weight concentration and not molecular concentration.
Circular SWN/PS dots, ranging from 25-200 :m in diameter, have been successfully fabricated using a contact mask. SEM of these structures are shown in Figure 5a and 5b. quality. In addition to the films discussed above, we have successfully deposited SWN/polymer thin films on glass slides, Cu, and Kapton. These films show characteristics similar to the films discussed here.
IV. Conclusion
Our preliminary results have validated the ability of the MAPLE technique for fabricating SWN, SWN/polymer composites, and patterned SWN/polymer thin films on various substrate materials. Parameters such as polymer molecular weight may have significant influence on the growth rate and morphology of the film, which will require further exploration. We are in the process of measuring the mechanical properties, i.e., toughness and adhesion, and electrical properties, i.e., dielectric constant and resistivity, of these films. These parameters will help identify the potential applications of these materials systems and consequently the specific areas, i.e., fabrication method or composition, which necessitate refinement.
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